Introduction
Filtration, the removal offineparticles from streams of fluid passing through a filter, is a complex process which has been studied intensively for many years, (I ,2,3 ) . Progress in understanding some of the fundamental elements of filtration dynamics has been partially inhibited because of the complexity and multiplicity of factors contributing to the filtration process. Recently the development of fractal geometry has offered the filtration scientist some new descriptive parameters for describing the structure of filters and the dynamics of filtration (4) . Recent research has also suggested possible techniques for deducing important information on the forces operative during the progress of a filtration operation and physical significance of the structure of fineparticles being filtered. It is the purpose of this communication to review the basic concepts of fractal geometry being employed in the study of the filtration process, describe recent applications of fractal geometry in the study of filtration systems and to indicate where fractal geometry may be of interest and utility to the practising technologist. Although many of the concepts presented in this communication can be extended to study filtrationof liquids, this communication will forcus primarily on the filtration of aerosols.
Basic Concepts of Fractal Geometry
Fractal geometry was created, and set out in the seminal publication Fractals, Form, Chance and Dimension by B. Mandelbrot (5 and 6 ) .
One of the basic concepts of fractal geometry is that the space filling ability of rugged boundaries and/ or lines can be described by Sudbury. Ontario. P3E 2C6 .CANADA t Received January. !991
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Professor of Physics, Laurentian Unil'ersity * means of a fractal addendum to the topological dimension of a system as illustrated in Figure 1 . All of the I ines of Figure 1 , if made of rubber, could be stretched out to make a straight line and hence they all have the topological dimension I. The fractional addendum to the topological dimension given in Figure 1 obviously can be linked intvitively to the rugged appearance of the line. Fractal characterization of systems can be applied in any dimensional space, but in this communication we will focus on the use of fractal geometry to describe systems embedded in two dimensional space. To deduce the fractal dimension of convoluted lines such as that of explored with a pair of compasses in the following manner. First of all the separation of the compass points is set at the distance A. One then places the pivot point of the compasses at an arbitrary point near the begining of the line such as a in the sketch. One then swings the compass until it cuts the line as illustrated in the sketch. A straight line chord is KONA No.9 (1991) drawn between the starting point and the intersection point. The pivot point of the compasses is now moved to this intersection point and a second intersection with the line by the swinging of the compass is located. A second chord is drawn. In this way the whole line is replaced with a set of chords which become the estimate of the lenght of the line at the resolution inspection parameter A. It is convenient to normalize the data for the length estimate and the stride magnitude using the distance between the two ends of the rugged line. The perimeter estimate at the stride length A obviously depends upon the starting point for the estimation of the length of the line. Therefore it is good experimental practice when carrying out an experiment of this kind to make estimates of the length ofthe line at several starting points. In Figure 2 (c) the perimeter estimates are plotted against the resolution parameter. It can be seen that the data points can be linked by a straight line relationship. Mandelbrot has shown that the slope of such a data line relationship is the magnitude of the fractal addendum to the topological dimension required to create the fractal dimension of the system. Thus for the line ofFigure 2 the fractal dimension is given by the relationship.
o=l+ I m I
Later in this communication we will show how there may be some advantages to be gained in constructing filters from crimped fibers. The crimp of the fiber can be described by the fractal dimension evaluated in a way similar to that shown in Figure 2 .
A mathematical curve which can be used to describe a structure of a fibrous filter is the Sierpinski carpet (6) . One of many different Sierpinski carpets which can be constructed is shown in Figure 3 . This particular carpet can be shown to have what is known as a Sierpinski fractal dimension of 1.89. The first three stages its construction are illustrated in the Figure 3(a) . One first divides the available area into 9 equal squares and the middle square is removed. The process is now repeated with each of the remaining squares to produce the system with 9 holes as shown in the second part of Figure 3(a) . This construction algorithm is then repeated to create the next stage of the carpet. If one continues this construction algorithm indefinitely, one generates a figure which in theory has no area and an infinite number of infinitely thin threads. The fractal dimension of such a system is deduced by plotting the rate at which a carpet disappears as smaller and smaller holes are resolved in the inspection process. Thus in Figure 3 (b) the remaining normalized area of the carpet /3 is plotted against the size of the hole just resolved in normalized units a. The normalizing factor is the total area of the carpet.
At first sight the ideal Sierpinski carpet appears to bear little resemblance to real ''@] filters; however, if one randomizes the locations of the holes of part three of Figure 3 (a) one generates the system shown in Figure  3(c) . This self similar version of the Sierpinski carpet now bears a resemblance to real filter systems especially if one now alters the shape of the holes in a random manner while keeping the area constant. The appearance of a Sierpinski carpet with randomized holes for an advanced stage of construction is shown in Figure 3(d) . The randomized version of the Sierpinski carpet is described as a statistically self similar version of the ideal carpet.
The randomization of the location of the holes in the carpet permit holes to fall on holes. Therefore the statistically self similar version of the carpet disappears more slowly than the ideal carpet. This is demonstrated by the experimental data of the second part of Figure 3 (c). The Sierpinski fractal dimension is deduced by subtracting the slope of the dataline on this Richardson plot from 2. The slope used in such calculations is the slope the graph would have on log-log scales of the same magnitude. Thus, one does not use the visual slope of Figure 3 to calculate the Sierpinski fractal of the filter system, but the mathematically calculated slope.
In Figure 4 an electron micrograph of a fibrous filter studied by Clarenburg and Piekkar is shown (9) . When the data for this real filter system is plotted on the log-log scales there appear to be two different data lines as shown in Figure 4(b) . In many studies offilter systems carried out at Laurentian University this dual slope system is a very common phenomenon which is apparently due to two different mechanisims. The first cause of the dual slope for the structure of many filters appears to be the use of two different sized fibers to construct the filter. Many filters are made by adding tine fibers to a coarser support matrix of other fibers. A visual inspection of Figure 4 would suggest that this particular filter had been made by the use of finer fibers on a coarser matrix of thicker fibers. The other factor which seems to contribute to the creation of two data lines on the Richardson plot used to investigate the magnitude of the Sierpinski fractal, is the persistence of large holes as the filter felt is created. This aspect of filter structure will be discussed in a later section of this communication (4) . Two of the first scientists to draw the attention of filration workers to the potential usefulness of fractal geometry techology in describing filtration systems were Ensor and Mullins (7) . They studied the capture of monosized latex aerosol fineparticles onto the fibers of a filters. In Figure 5 one of the photographs from their publication on the subject is shown. It can be seen that the unit sphe- res of the aerosol system form dendritic structures on the fibers which are known as capture trees. The growth of such capture trees can be modelled using digital computers. The first studies of this kind were carried out to study the formation of agglomerates formed when unit spheres were deposited at random on a nucleating center; a process which simulates the growth of soot fineparticles and is known technically as diffusion limited aggregation or DLA. The first simulated DLA studies were carried out by Whitten and Sander (8) . The way in which they simulated the growth of a DLA agglomerate is illustrated in Figure 6 . A pixel of the digitized space, representing a unit sphere, joins in a random manner the growing agglomerate at the center of the digitized space by means of a randomwalk. (If during the randomwalk the pixel leaves the digitized area it is considered to be lost and a new pixel is introduced at random around the periphery of the available digitized space). In Figure 6 (b) three stages in the growth of such a simulated agglomerate are shown. In Figure 6 (b) three extensive Whitten and Sander DLA agglomerates are shown. They are statistically self similar systems. In the original Whitten and Sander program it was assumed that if a meandering pizel met the growing agglomerate orthogonally it was captured with a one hundred percent probability. One can modify the construction algorithm to allow for a reduced probability of capture on encounter.
.J 3 Pixels 12 Pixels 48 Pixels (c) An agglomerate grown with a 10°" 0 sticking probability.
(d) An agglomerate grown with a 5°/ 0 sticking probability.
(e) An agglomerate grown with a I %sticking probability.
Thus in Figure 6 (c)(d)(e) three different agglomerates, grown with I 0%, 5% and I% probability of sticking are shown. It can be seen that as the probability of capture decrease the resultant agglomerate becomes denser and more compact. In the early literature on the use of descriptive parameters derived from the concepts of fractal geometry there was insufficient awareness of the fact that there are many different fractal dimensions that can be used to describe the system such as those shown in the various parts of Figure 6 . In particular there is some confusion between what is now known as the density fractal dimension and the boundary fractal dimension. The density fractal dimension is sometimes called mass fractal dimesion but in this communication we will use the term density fractal. The density fractal dimension is a measure of how densely the substance of the agglomerate occupies the space in which it grows. The density fractal dimension has been studied by several workers, thus Schaefer. Hurd and co workers have characterized the fractal dimension of silica agglomerates (I 0, II, 12, 13) . A discussion of such techniques is beyond the scope of this review communication and we will restrict our considerations to a simple graphical technique for determining the desity fractal as illustrated in Figure 7 . In this technique a set of search circles are placed on the center of the agglomerate and the number of intersections made by the agglomerate with the rings is recorded ( 14) . It can be shown that if the intersections per ring are plotted on log-log scale that the slope of the I ine generated by the data is the fractal addendum to be added to the topological dimension of the system, ie. the density fractal dimension equals I .66 for the data of pigment and fumed silica used as a flow agent have fractal type structures (6, I5). If one is looking at a system such as diesel soot the density fractal describes the internal porosity and is a measure of the available surface for adsorption of dangerous chemicals. This fractal dimension will also govern reaction rates when the fineparticles are exposed to active chemicals. The toxic burden and reactivity of a respirable dust fineparticle are important properties of material to be filtered by a respirator; and moreover, the density fractal dimension will be a useful quantity when considering the dynamics of the fluffy type fineparticle, such as deisel soot, since it will be a factor in the Stokes equation used to interpret the dynamics of the body ( 16 ) . However when considering the dynamics of the soot fineparticle an important factor will be the viscous drag experienced by the fluid moving around the profile. Depiction of the flow pattern and structure of agglomerates in three dimensional space is difficult. For the purposes of this discussion we can illustrate the role played by the fractal structure of the agglomerate in determining its falling speed in a viscous fluid by considering two dimensional systems.
o) 10% sticking
If we consider a fractally structured agglomerate in three dimensional space, its surface area is very high and tends towards infinity (perhaps a better term when discussing the concepts of the surface area of the fractally structured agglomerate is to state that the mass of the agglomerate is fixed but that the surface area is indeterminate). However one must distinguish very carefully between the internal and available surface of the agglomerate and its effective surface area when falling through a fluid. In two dimensional space the perimeter of the agglomerate represents the indeterminate surface area of the system. The effective perimeter is extremely high if one is considering chemical reaction. If, however, one looks at the way in which the system behaves in a viscous fluid, one can impose an envelope boundary on the system which will b) 5% sticking c) I% sticking probably determine its functional behaviour with respect to settling dynamics and capture probabilities when moving through a filter. Thus in Figure 8 (a) boundary fractals have been drawn around the agglomerates of Figure 6(c)(d)(e) . These envelope boundary lines have a fractal structure. In the study of aerosol systems and other fineparticles these types of boundaries are described by means of a boundary fractal dimension. Richter and colleagues have studied three dimensional models of clusters in space but most of the experimental work on the structure of agglomerates in aerosols has been carried out by making measurements on projected images of the agglomerate ( 17, 6) . In Figure 9 (a) a widely used method for characterizing the boundary fractal of agglomerates, originally developed by Schwarz and Exner, is illustrated ( 18) . The original electron micrograph of this agglomerate was presented in the technical literature by Medalia ( 19) . In this method, called the equipaced method, the profile is first digitized and then estimates of the perimeter are made by constructing a polygon in the following manner. Starting at a point chosen at random one marks out a number of steps and then a chord is drawn from the starting point to the finishing point. Thus the polygons constructed for a step of five paces, ten paces and fifteen paces are !Shown in Figure 9 (a). The perimeter of the polygons constructed in this way are unbiased estimates of the perimeter at the resolution represented by the number of steps taken between the beginning and the end of the chords. A whole series of perimeter estimates against resolution parameter in normalized format are summarized in the Richardson plot of Figure 9 (b). it can be seen that two data lines are present in the Richardson plot. The straight line relationship for the coarser resolution inspection of the agglomerate structure represents the gross morphology of the profile. It is described as the structural boundary fractal of the agglomerate. The higher resolution data represents an exploration of the texture of the profile, and the fractal dimension is called the textural boundary fractal. When reporting a fractal dimension of a boundary one should always quote the range of inspection over which the fractal dimension data relationship is manifest on the Richardson plot.
Exploring the Possible Usefulness of the Sierpinski Fractal as a Descriptive Parameter of Filter Structure.
The use of the Sierpinski fractal dimension to describe filter structure is a relatively new technique and studies reported to date have been of a theoretical nature. However it shuold be noted that Ensor has expressed the opinion that many of the empirical equations reported in the technical literature for describing the flow of fluids through a filter system will turn out to be functions of the fractal structure of the filter (20) . The possi-ble importance of the Sierpinski fractal as a filter structure descriptive parameter can be appreciated from the simulation studies carried out by Kaye and co-workers ( 4 ). Their basic technique for simulating the structure of a fibrous filter is illustrated in Figure 10 . Most of the fibrous filters in common use are created by allowing a felt of fibers to build up on a support system. In a felt-making process the fibers, usually in liquid suspension, arrive at random on a support grid. The fibers are superimposed on each other until the felt achieves a consistency which can exist without the support grid. The definition of what constitutes a randomly arriving fiber is quite complex, but it can be shown that in the definition of the felt-making process there is an implicit assumption: randomness means that the center of any fiber has the equal probability of occupying any x, y coordinate pair within the area of the felt and that the direction of the fibre with regard to a fixed direction defined by the angle ()is such that all linearly distributed values of() are equally probable. The structure of the felt that one constructs in this way depends upon whether one uses long 226 fibers or short fibers. Thus in Figure 10 (b) a simulated embryonic felt created by the accumulation of20 long fibers is shown. If one constructs a simulated filter using short fibers one has to consider whether one lets the fibers cross the perimeter of the simulation area or whether one assumes that the flow system carrying the fibers to the felt making support constrain the fiber movements so that they can only touch the edge of the growing area. This latter assumption was made for the case of the embryonic felt made from 20 short fibers shown in the Figure 10(c) . This appears to create an edge effect which has to be taken into account in any simulation studies. Also because of the end effects of the short fibers, it is difficult to determine exactly what constitutes an operative aperture in the structure of the filter. This problem is currently under active investigation at Laurentian University. It appears that the size of the operative apertures within a filter can be considerably reduced if one uses crimped fibers in the construction of the filter. Thus in in respirators with a coarse smoke. The main flow of air through a filter with a few large holes is through these large holes, because if one looks at the hole as being the equivalent of a pipe, the radius of the pipe appears to the fourth power in Poiseulles formula describing flow of fluid through the pipe. When a respirator filter was treated with the smoke the flow of air through the filter would guide the larger smoke fine particles to the holes, thus blocking them. Smoked filters in respirators were known to be far more efficient than untreated filters. A possible explanation of the peristence of a few large holes as the filter builds up is related to the probability of fibers arriving at the surface intercepting a large whole. Thus if one looks at a sub area delineated by the solid line in ll(d)the area of the large hole is a small fraction of the field of view. Thus the chance of a fiber hitting this major hole to alter its structure is quite low. The probability is proportional to the area of the big hole divided by the area of the entire filter. In the wet filter making process the fibers arriving at the surface are guided by the relatively low rate of liquid drainage through the assembled mass. There is thus no basic flow towards the large holes in the felt assembly process. It would seem that a good way to create an efficient filter would be to make a felt by a paper making process and then switch to a dry process in which additional fibers were directed onto the support matrix by air flow. The air flow would be much more likely to concentrate into a few large holes, sealing them with the incoming fibers.
The making of filters is an area where commercial secrecy is practiced so it is not known if this type of modified process has been tried by manufactures of filters. Current work is proceeding into how quickly the hole distribution of the felt changes when one deliberately increases the probability of deposition according to the hole size present in the simulated filter. It should be noticed that from an information point of view no information embedded in the Sierpinski fractal system is available in the size distribution of holes. However the Sierpinski fractal is a conve-228 nient summary of a great deal of data which has a reasonable expectation of being related to operational parameters of the filter. Thus the data of Figure 11 suggests that far more effort should be placed on removing the upper region of the Sierpinski fractal graph, i.e,. eliminating large holes rather than concentrating on testing or characterizing filters. Furthermore it is likely that a combination of Sierpinski fractal plus average hole size will have a direct relationship to the operational performance of the filter. The first publications on the fractal structure of filters only appeared in 1989 and the field is obviously developing rapidly.
Another major type of filter used in filtration technology is the depth filter. As yet no studies ofthe Sierpinski fractal of a depth filter have appeared; however, the potential for such studies is illustrated by the data summarized in Figure 12 the visual structure of the bread and the Sierpinski fractal of the high resolution data can be related to the "bite response" experienced when the bread is eaten. These are both important parameters which have to be controlled in the mass production of bread (21 ) . The use of the slice of bread as a model for a depth filter is not as remote as it may seem to be since it is recorded that sailors on long voyages were aware of the fact that they could create efficient carbon filters by over toasting a piece of bread. For a depth filter it is likely that the Sierpinski fractal at coarse resolution governs the flow characteristics of a liquid through the depth filter.
Fractal Structure and Capture Dynamics of Fineparticles in a Filter.
The filtration capture of respirable dust is an important area of occupational health and hygiene studies. Specialists who have studied the dangers of respirable dust have used the aerodynamic diameter of a fineparticle as a usefu I descriptive parameter for characterizing dust which pose a respirable hazard to workers in dusty environments. The aerodynamic diameter is the size of the sphere of unit density material which would have the same falling speed in air as the dust fineparticle (3). The aerodynamic diameter is useful when considerin~ the movement of the fineparticles moving in o and out of the lung or into a filter; but, once inside the filter or the lung the physical size of the fineparticle becomes an important parameter when considering both the capture dynamics and the actual hazard posed by the dust to the I ung. In Figure 13 some sets of isoaerodynamic fineparticles prepared by Kotrappa, using the spiral centrifuge developed by Stober and co-workers, are shown (22) . The structural fractal dimension of these profiles as measured by Kaye is given under the profiles (6) . It can be seen that within any isoaerodynamic group there is a wide range of shape and structure variation. In general it can be seen that the larger the structural fractal dimension, the larger the profile with respect to the smallest member within the group. For example the uranium KONA No. 9 ( 1991) dioxide profile with a fractal dimension of 1.15 is at least three times bigger than the simple compact profile having a fractal dimension of 1.04. If the occupational hygienist converts the aerodynamic diameter to the Stokes diameter using the known density of uranium dioxide it can be seen that the estimated amount of uranium dioxide represented by the total capture of all of the profiles shown in the diagram would probably be too small by at least one order of magnitude. Thus a failure to take into account the rugged structure of the profile probably grossly underestimates the amount of material deposited in the lung when a given number of fineparticles are deposited, if the only measurement made on the dust is the aerodynamic diameter. If one is interested in the rate at which the inhaled dust reacts with the fluids of the lung one would again grossly underestimate the chemical reactivity if one assumed that all of the uranium dioxide fineparticles were simple dust grains such as the one with a profile fractal dimension of 1.04 as compared to the grain with the fractal dimension of 1.15.
When one starts to consider the danger from adsorbed toxic chemicals on the surface of the dust, again a simple knowledge of the aerodynamic diameter of the fineparticle would lead to gross underestimation of the burden of the material deposited in the lung when the dust is absorbed. The dusts of Figure 13 are all relatively dense and compact fineparticles compared to the ones that can occur if one is looking at material which is produced by a fuming process. (The uranium dioxide and thorium dioxide ofFigure 7, 8 were produced by precipitation with the uranium dioxide being subjected to subsequent ball milling). The underestimation of material in the lung from aerodynamic size data for fumed particles can be appreciated by considering the large diesel soot agglomerate shown in Figure  14 (23) . In Figure 14 this profile is shown as a uniformly dense structure since this is the form of the profile used in the fractal characterization process. Fig.l3 Fractal description of the structure of hazardous aerosol fineparticles could be an important consideration when studying the dynamics of the fineparticles inside a filter.
composed of spheres two orders of magnitude smaller than the agglomerate, which has a physical size of approximately 8 microns (24) . A physical size of 8 microns would fail to meet the occupational health and safety definition of a respirable hazard dust; however, if such a dust had its falling speed measured by means of many of the aerodynamic instruments, such as the various cascade impactors, its size would be reported as being much smaller than one micron because of its open fluffy type structure (3). Its internal surface area is enormous, and if such a particle were to enter the lung or the digestive tract it would carry larger quantities of adsorbed toxic chemicals generated by the burning of 230 the diesel fumes than would be calculated from its aerodynamic size. Because of a focus on the aerodynamic properties of such dust, scientists were somewhat surprised to find they could filter them relatively easily, and there is some evidence that in fact the major hazard from diesel exhaust soot is not lung damage, but cancer of the digestive system and/or bladder, since the very light fluffy fineparticles are captured and moved into the digestive tract, not the depth of the lung (25) . A measurement of the fractal dimension of such an agglomerate may be a means of characterizing both the filterability and hazard from adsorbed chemicals of such dusts. The Richardson plot for an exploration of the structure of this diesel soot agglomerate is shown in Figure 14 (b) . It can be seen that the fractal dimension of the soot profile is 1.43. Erosion-dilation studies of the structure of this agglomerate indicate that it has probably been formed by the collision of at least II agglomerates ( 15) . This example shows that when considering the problems of filtering the dust and fumes created by a fuming and/or combustion process, one should not rely on the aerodynamic data alone to predict the filterability of the product. It may well be that a) o : Fractal dimension of the profile.
KONA No. 9 (1991) smoke such as diesel exhaust fumes can be filtered with a much coarser filter than anticipated from the measured aerodynamic diameters of the smoke fineparticles. Prior to the initiation of a filtration process for a given smoke or fume, the structure of the fineparticles should be examined by means of an electron microscope, and a basic knowledge of its physical length, aspect ratio (length to breadth of the profile as viewed under a microscope) fractal dimension and aerodynamic diameter should be studied before choosing a filter for the dust or fume.
An important problem in the design of filters for a given process is choosing th right type of fiber in the filter for the specific dust to be contained. The force of attraction, which varies for various dust-fiber combinations between the fiber and the passing dust fineparticle, can probably be deduced from the fractal structure of the capture tree growing on the fiber. Studies of such a possibiluty are however at an early stage because of the lack of analytical procedures for characterizing the capture trees which grow in three dimensions. Kanaoka and colleagues have published pictures of deposits on single fibers which have obvious fractal structure (26) . Studies are underway both by Professor Kanaoka and at Laurentian University to characterize the fractal structure of such deposits. The type of information that can be collected in two dimensional space by projecting the rugged structure of the deposited fineparticles into a two dimensional plane can be appreciated by the work reported by Trottier and colleagues (27) .
In Figure 15 the profile of a deposit on a glass fiber filter traced from an electron micrograph reported by Trottier et a!. is shown. It can be seen that the ruggedness of this boundary has a fractal dimension 1.37. It is interesting to note that this is virtually the same as the ruggedness reported by Ensor and Mullins for the projected boundary of the deposits shown in Figure 5 . They reported a coarse resolution boundary fractal dimension of 1.38. This value is typical of the value reported for the projected profiles of fumed fineparticles formed by the interraction of agglomerates in a turbulent formation zone.
(Note agglomerate profiles as high as 1.65 have been reported: but 1.38 to 1.43 is a more widely reported empirical structure fractal dimension for a projected boundary). This ruggedness is also similar to the 1.43 reported for the diesel exhaust of Figure 14 . Specialists in filtration technology differentiate between three major capture mechanisms for aerosols passing through a fibrous filter(3). These are termed interception. impaction and diffusion. Interception is the mechanism by which the large fineparticles are captured by a fiber when the fiber is small compared to the size of the fineparticles. Impaction occurs when the fineparticles have sufficient energy to be unable to move away from the fiber with the flow of the medium carrying the fineparticles. Diffusion loading of fibers occurs when Brownian motion of the fineparticles is significant with respect to the velocity of the flow through the filter. In 232 Figure 16 some simulated capture trees created by Trottier et. al. in a simulation study of diffusion loading fibers are shown. The type of deposit created by diffusion loading is shown and the projected boundaries of such loadings have a fractal dimension of 1.36. For the aerosol of 0.05 micron aerodynamic sodium chloride used to generate the data of Figure 15 , diffusion loading would be the major capture mechanism. It is very interesting that the two boundary fractal dimensions, from experiment and theoretical simulation, agree to within I%, In Figure 17 the type of boundary generated by the deposition of0.4 micron sodium chloride aerosol on a glass fiber is shown. Trottier reports that for this type of profile the fractal dimension is 1.22. The 0.4 micron aerodynamic is just about the magnitude between the turnover from diffusion loading to impaction loading of the fibers. It is also interesting to note that 1.20 is typical of the values reported for the boundary fractal of agglomerated fineparticles when the agglomeration process has been quenched in the early stages of agglomeration.
In Figure 18 the fractal dimension of a simple agglomerate and a complex agglomerate are shown (these are synthetic agglomerates in two dimensional space (8)). In Figure 19 the appearance of a filter which is being loaded with aerosol fineparticles when. only impaction is contributing to the loading of the filter is shown. It can be seen that the fractal dimension of such agglomerates is ofthe same order as that for the simple agglomerates of Figure 18 , and not too different from the boundary reported with a real aerosol in Figure 17 .
In occupational health and safety there is a growing concern that any respirator to be KONA No. 9 ( 1991) used in a given work environment must be tested with the actual dust to which the worker is exposed. Testing repirators with test dust such as lead welding fumes for nickel sulfate dust is an extremely difficult and complex subject and it may well be that preliminary studies with single fiber loading may give good guidance as to what type of filter will be effective in the work area. Studies such as those carried out by Kanaoka using single fibers will be very informative. An alternative strategy will be to use the type of whisker particle collector studied by Schafer and Pfeifer (28) . Thus , in Figure 20 an array of alumina dust fineparticles captured on what the authors describe as a whisker collector is shown. In part (b) a highly magnified photograph of one of the profiles is shown. It can be shown that such dust fineparticles have fractal dimensions and we can expect many studies of this type of capture and characterization of fineparticle profile (II). (a) General view of fibers of the whisker particle collector.
(b) Enlarged view of a single profile.
Conclusion
need to develop analytical procedures for studying the fractal structure of filters and the capture trees which manifest themselves as the filtration process proceeds.
Fractal geometry appears to offer many new descriptive parameters to be used by the filtration specialist. There is, however, a great
